Active transport of amino acids in isolated membrane vesicles of E. coli ML 308-225 is stimulated by oxidation of D-lactate, and this stimulation is dependent on electron transport [Kaback, H. R. & Milner, L. S. (1970) Proc. Nat. Acad. Sci. USA 66, 1008]. In attempting to relate these results to amino-acid transport in intact cells, we isolated mutants of E. coli ML 308-225 that contain defects in D-lactate dehydrogenase (EC 1.1.2.4) and electron transport. Intact cells of these mutants are normal for transport of proline and alanine. We also isolated mutants defective in Ca,Mg-stimulated ATPase (EC 3.6.1.3), which is responsible for coupling electron transport to the synthesis of ATP. These mutants are defective in their ability to transport proline and alanine, as measured both in cells and isolated membrane vesicles. A possible role for the ATPase in coupling energy to active transport is discussed.
A great deal of attention has been given to the general problem of energy transductions in biological systems. Mitochondrial synthesis of ATP has received much of this attention. In the past few years, however, attention has turned to the problem of the mechanism of coupling metabolic energy to achieve the movement of solute across biological membranes against a concentration gradient.
In eukaryotic cells, it appears that ATP can serve as the direct source of energy for active transport of alkali metal ions. The work of Hokin and collaborators with sodium transport in erythrocytes has provided evidence suggesting that the mechanism of ATP-mediated active transport involves the direct phosphorylation-dephosphorylation of the carrier molecule (1) .
The mechanism of energy coupling to active transport in bacteria is less well understood. The work with isolated membrane vesicles of several bacteria provides evidence that ATP is not required for coupling of energy to the transport of various amino acids and sugars (2) (3) (4) ). It appears from these studies with isolated vesicles that oxidation of various substrates by the electron-transport chain can provide energy for active transport without concomitant oxidative phosphorylation (3, 4) . Although attempts to test whether exogenous ATP can substitute for electron transport in vesicles have been negative (5) , one must be cautious in interpreting these negative experiments in the light of permeability problems with ATP.
A far more basic problem becomes apparent, however, when attempts are made to relate the work with vesicles to the behavior of intact cells. There are some cases where electron transport is clearly not required for active transport in intact cells. The active transport of lactose analogues in intact cells of Escherichia coli is not affected by anaerobiosis (6) , even though uptake by the same system in vesicles is very sensitive Abbreviation: DCI, dichlorophenolindophenol.
*to the lack of oxygen (3) . Streptococcus faecalis, an anaerobe that contains no electron-transport system, can carry out active membrane transport, presumably using the energyyielding reactions of glycolysis (7) . It 
The experiment was conducted as described in Methods. Carbon sources were scored + for growth, or -for no growth. The sensitivity of each strain to chlorate was scored as resistant (R) or sensitive (S).
5 mM (NADH). The oxygen tension used for calculations was 0.47 ,ug-atom/ml of reaction mixture (13 (12) . An interesting property of these electron-transport mutants is that they appear to synthesize the nitrate reductase complex in the presence of oxygen. Wild-type cells of E. coli are not sensitive to chlorate in the presence of 02 (see Table 1 ). The reason for this insensitivity appears to be that chlorate must be converted to chlorite (or some subsequent product) by the nitrate reductase system, the synthesis of which is repressed in the presence of oxygen. The fact that the electron-transport mutants are sensitive to chlorate in the presence of oxygen suggests that the repression of nitrate reductase synthesis is not due to oxygen per se, but rather to its role as terminal electron acceptor in an intact electron-transport chain. In addition, the chlorate sensitivity of these strains provides evidence that these cells are indeed "anaerobic." The additional feature of chlorate sensitivity is that it provides a convenient means of All assays were conducted as described in Methods. The effects of these various mutations on the overall energetics of the cell were estimated by determination of the growth yield of each strain on limiting concentrations of glucose (Fig. 1) . The D-lactate dehydrogenase mutants have normal growth yield. The growth yields in the CaMgATPase mutants are about half the parental values, reflecting the contribution of oxidative phosphorylation to the efficiency of glucose use. Electron-transport mutants are more seriously affected and show poorer growth yields than ATPase mutants. It appears that, in addition to oxidative phosphorylation, electron transport may provide energy to the cell in other ways. Butlin et at. have suggested that reactions such as the NAD(P) transhydrogenase may function to provide energy to the cell (11) . Fig. 1 shows that the growth yield of the electron-transport mutant is essentially the same as that for an anaerobic culture of the parent, providing more evidence for the deficiency of oxidative energy in this strain.
It is important to establish that the phenotype of each mutant described is the result of a single mutation. Although data are only presented for one mutant of each class, we have isolated at least three independent strains of each type, all of which exhibit the phenotypes as described. In addition, we have analyzed spontaneous revertants for each class and obtained full recovery of the parental phenotype. Each strain had reversion frequencies between 1 in 106 to 1 in 108. We have The isolation of these mutants provides a convenient way to evaluate the source of energy for active transport in intact cells without resorting to the use of metabolic poisons. We have used two amino acids, alanine and proline, as substrates for these experiments. In addition, several other amino acids were tested in some of the experiments and all results are consistent with those reported. We (Fig. 3) . As expected, vesicles isolated from the D-lactate dehydrogenase mutant do not exhibit the D-lactate stimulation of transport (Fig. 3) . However one examines intact cells of this D-lactate dehydrogenase mutant, no transport defect can be detected (Fig. 2) . It thus appears that the physiological significance of the D-lactate effect observed in membrane vesicles is uncertain.
It was then of interest to examine the mutant with impaired electron transport, S2-21. As can be seen in Fig. 2 , intact cells of this mutant also do not exhibit a transport de- fect. It appears that in intact cells active transport is not obligatorily coupled to electron transport. Caution must be exercised in this interpretation since the mutants so far isolated are not completely deficient in electron transport. Physiologically, however, the mutation is equivalent to anaerobiosis (see growth yields). One might predict from the results obtained with the D-lactate dehydrogenase mutant that, although no effect on active transport could be seen with intact cells of the electron-transport mutant, there should be an effect when isolated membrane vesicles are tested. This was not observed, however, and vesicle preparations of S2-21 show normal transport (Fig. 3) (Fig. 2) . It is unlikely that the transport deficiency is the result of a loss of oxidative ATP, since the electron-transport mutant (S2-21) had normal transport activity. When membrane vesicles were examined, the effect was even more striking. The level of transport in the absence of D-lactate was consistently well below that for the parent strain. The addition of D-lactate showed some stimulation of uptake, but only to about onefourth the level of the parent.
In order to determine that the transport defects observed in these strains were not the result of some nonspecific effect, we have tested all strains, both cells and isolated vesicles, for the ability to transport methyl a-D-glucopyranoside. This substrate serves as a glucose analogue for the PEP-glucose phosphotransferase system, which is responsible for the transport of many carbohydrates by a group-translocation mechanism and, therefore, should be unaffected by a loss of the energy coupling reactions of active transport. These strains were normal for this transport process.
DISCUSSION
The data presented in this paper permit the following conclusions.
(i) D-Lactate oxidation is not required for active transport of several amino acids in intact cells of E. coli ML 308-225.
(ii) A mutation resulting in defective electron transport, while rendering the cells energetically equivalent to cells under anaerobiosis, has no effect on active transport in intact cells. It may thus be suggested that electron transport per se is not required for active transport in many bacteria, including E. coli-a conclusion reached by others (6, 7, 14) .
(iii) Mutations affecting Ca,Mg-ATPase, an enzyme that is the coupling factor for oxidative phosphorylation, markedly alters active transport in both intact cells and isolated vesicles. It appears that, in isolated membrane vesicles where the only source of energy is from electron transport, this coupling factor can couple electron-transport energy directly to active transport without going through ATP. Whether the role of the Ca,Mg-ATPase in cells is the same as in vesicles is not clear.
These results appear to differ from those reported by Hirata et al. for the uptake of proline by isolated membrane vesicles -of Mycobacterium phlei (4). These workers have been able to dissociate the coupling factor from the membrane vesicles without obtaining a decrease in active-transport ability. The resolution of this difference must await a more detailed analysis of the transport role of the ATPase in E. coli.
Since mutations affecting the electron-transport system do not affect active transport while the ATPase mutation does, it is conceivable that the ATPase is capable of coupling energy from both electron transport and glycolysis (?ATP) to the transport system. The conclusion that a high energy state required for active transport can be generated by either electron flow or glycolysis was reached by Kashket and Wilson (14) 
